We tested the hypothesis that induced pluripotent stem cell-derived cardiac progenitor cells (iPSC-CPCs) are less able to adhere to the extracellular matrix (ECM) derived from failing human hearts with dilated cardiomyopathy compared to nonfailing human heart ECM. We also hypothesized that morphological development, cell beating rates, and mRNA levels of Nkx2.5 and cardiac troponin T would be altered after culturing the iPSC-CPCs on the failing heart ECM under cardiomyocyte differentiation conditions. We used microscopy to distinguish between adhered and unadhered cells, and to determine morphological development and cell beating. We used qPCR to determine mRNA levels. iPSC-CPCs show a significantly reduced ability to adhere to the ECM of failing hearts and higher expression of Nkx2.5 mRNA. However, morphological development, cell beating rates, and cardiac troponin T levels were not significantly altered in the cells cultured on the failing heart ECM. Our study shows that the failing heart ECM from patients with dilated cardiomyopathy impairs initial iPSC-CPC adhesion and may have a modest effect on the ability of the cells to transdifferentiate into cardiomyocytes.
Introduction
The extracellular matrix (ECM) of the human heart is a complex microenvironment of proteins, glycoproteins, proteoglycans, glycosaminoglycans and basement membrane proteins (Rienks et al., 2014) , which, along with cells, comprise the mammalian myocardium. Under healthy conditions, the heart's ECM is a scaffold that anchors cells, provides organ structure, and supports contraction mechanics (Beachley et al., 2015; Frangogiannis, 2017; Rienks et al., 2014; Segura et al., 2014; Yabluchanskiy et al., 2013; Yang et al., 2015) . Due to its importance to organ function, the ECM is maintained under strict homeostatic balance (Segura et al., 2014; Yabluchanskiy et al., 2013) . Various cardiovascular diseases put undue stress on the heart, causing it to undergo pathological remodeling, which may alter the ECM (Fan et al., 2012; Kong et al., 2014) . Although this remodeling is initially compensatory, unchecked it becomes decompensatory, reducing cardiac function over time, and potentially resulting in heart failure (Segura et al., 2014) .
In heart failure with dilated cardiomyopathy, the left ventricular volume increases alongside thinning of the ventricular wall. Pathological remodeling of the myocardium in dilated cardiomyopathy is characterized by wide-spread interstitial fibrosis (expansion of the ECM in between cardiomyocytes) (Sheppard, 2011) . The pathologically remodeled ECM has altered biochemical and biophysical properties compared to healthy tissue (Fan et al., 2012; Kong et al., 2014; Rienks et al., 2014; Segura et al., 2014; Yabluchanskiy et al., 2013) . We have shown that the global protein content in the ECM of failing human hearts with dilated cardiomyopathy (DCM-failing) is significantly changed (DeAguero et al., 2017) , while others have documented changes in specific proteins (Marijianowski et al., 1995) . Alterations in the remodeled ECM are associated with detrimental effects on the cells that adhere to or reside within it (Rienks et al., 2014) .
Presently, advanced, end-stage pathological cardiac remodeling and heart failure can only be cured by a heart transplant, since the heart has minimal regenerative capacity (Bergmann et al., 2009; Piek et al., 2016) . The limitations of heart transplantation, such as insufficient availability of donor hearts and organ rejection, necessitate the discovery of novel treatments for end-stage disease (Leong et al., 2017) . Stem cell therapy is an exciting prospective treatment option under active preclinical and clinical investigation (Duelen and Sampaolesi, 2017; Lader et al., 2017; Nigro et al., 2018; Sanganalmath and Bolli, 2013) . These stem cells are expected to integrate into the myocardium and differentiate into cardiomyocytes that function in concordance with healthy, existing cardiomyocytes, or differentiate into other cardiac cells types as required for repair of the damaged tissue. The disappointing reality of cardiac stem cell therapy clinically, is that more than 98% of the cells are not detectable in the myocardium post-transplantation and the benefit to clinical outcomes is inconsistent at best (Aicher et al., 2003; Brenner et al., 2004; Terrovitis et al., 2008 Terrovitis et al., , 2006 .
A number of theories have been put forward to explain the massive loss of cells, including that the stem cells may simply not adhere to the pathologically remodeled myocardium. Cells, including transplanted stem cells, anchor to the ECM in the myocardium through focal adhesions. Lack of ECM attachment can lead to anoikis (cell death due to non-adhesion to the ECM), and can make the cells susceptible to clearance by blood flow. Biochemical and biophysical properties of the ECM itself can profoundly affect the phenotype of stem cells (Beachley et al., 2015; Taylor et al., 2017) . Moreover, the ECM of pathologically remodeled hearts is especially hostile toward cell adhesion and other biochemical aspects of cell survival (Byron et al., 2013) .
The reduced-adhesion theory of pathologically remodeled hearts has not yet been rigorously tested for cardiac stem cells. Therefore, our goal was to test the hypothesis that cardiac stem cells are less able to adhere to the altered extracellular matrix of DCM-failing hearts compared to nonfailing hearts. Additionally, we assessed whether cells that adhered to the ECM of DCM-failing hearts would show altered capacity for cardiomyocyte transdifferentiation. To conduct our study, we decellularized human heart left ventricular tissue, leaving behind isolated ECM. We coated tissue culture plates with this human heart ECM, then assessed initial cell adhesion to the DCM-failing versus nonfailing cardiac ECM.
We continued to culture the cells under cardiomyocyte differentiation conditions. Under these conditions, we also assessed morphological changes to the cells over several days, cell beating rates, and markers of cardiomyocyte transdifferentiation.
The data we now present show that there are functional differences between DCM-failing and nonfailing ECM in terms of their effects on stem cell phenotypes. We hope that continued studies on the interaction between the human heart ECM and cardiac stem cells can lead to translating ECM alterations, especially with regard to protein expression, into possible therapeutic targets to improve cardiac stem cell therapy success.
Materials and methods

Human heart samples
The analysis of human heart tissue in this study was performed under the guidelines of the Declaration of Helsinki and was approved by the Institutional Review Boards at The Ohio State University (protocol no. 2012H0197) and the University of New Mexico (protocol no. 13-358) . Nonfailing human heart tissues were procured from organ donors who expired from causes other than heart failure, who were not diagnosed with heart failure prior to death, but whose hearts were deemed unsuitable for organ transplant. Failing human heart tissues were procured as explants from patients with end-stage heart failure receiving a transplant. Details of clinical and histological data related to the nonfailing and failing heart tissues used in this study can be found in (DeAguero et al., 2017) . We focused on the three nonfailing and DCMfailing human hearts that were used to generate the proteomics data in (DeAguero et al., 2017) .
Tissue decellularization and ECM isolation
Flash-frozen human heart tissue was thawed and finely minced. Minced tissue, weighing 2e5 g, from each individual sample was added to decellularization wash (10 ml per 2e5 g tissue; 2.5 mM ethylenediaminetetraacetic acid [EDTA], 1x protease inhibitor cocktail [Sigma S8820], 100 U penicillin,10 mg/ml streptomycin [Sigma P0781], and 50 mg/ml gentamycin [Sigma G1272] in deionized, distilled water). After a 30-min incubation on a rotator, the decellularization wash was removed and replaced with 10 ml of decellularization buffer (addition of 1% sodium dodecyl sulfate to decellularization wash). After a 6 h incubation on the rotator, the spent decellularization buffer was removed and replaced with fresh buffer. For 5e7 days at 8e12 h intervals, the spent decellularization buffer was replaced with fresh buffer. When the tissue appeared white and translucent, decellularization was complete. Decellularization wash was added to the tissues and incubated on the rotator. After the 24 h incubation, the decellularization wash was removed and replaced with fresh decellularization wash for 3 Â 5-min washes. Decellularized tissue was flash frozen and lyophilized. Complete decellularization was confirmed by Masson's trichrome staining of ECM tissue sections (DeAguero et al., 2017) .
Isolated ECM for cell culture coatings
Lyophilized ECM was cryogenically milled in a sterile environment until the ECM was ground into a fine powder. ECM was suspended in phosphate-buffered saline (PBS) and protease inhibitor cocktail (Sigma S8820) at 15 mg/ml, then filtered through a stainless-steel mesh strainer. Protein concentrations were quantified using a Qubit 2.0 Fluorimeter (Life Technologies/Thermo Fisher Scientific Q32866) and Qubit Protein Assay Kit (Thermo Fisher Scientific Q33212). Using non-tissue culture treated multi-well plates, ECM suspension at concentration of 5 mg protein/ cm 2 , was placed within the appropriate wells, then incubated overnight at 37 C.
The wells were rinsed with PBS containing 50 mg/ml gentamycin (Sigma G1272) and amphotericin B (Sigma A2942) and allowed to dry. As a positive control, wells were coated with fibronectin (Sigma F1141) solution in PBS at 5 mg/cm 2 . Nocoating (negative control) wells were simply left uncoated.
iPSC-CPC assay
We plated 1. days, one day after the cells began to beat, we took DIC videos for 60 or more seconds to assess average beats per minute. At the end of 6 days, we harvested the cells for further analysis. These longer-term cell culture assays were performed in three replicates.
RNA isolation and qPCR
At the end of 6 days in culture, the medium was removed and 500 ml chilled TRIzol Human NK2 transcription factor related, locus 5 (NKX2- 
Results and discussion
3.1. iPSC-cardiac progenitor cells adhere less to the DCM-failing heart extracellular matrix
The ECM from DCM-failing and nonfailing human hearts was decellularized and reconstituted into a suspension. The suspension was then put into tissue culture plates. As a positive control, fibronectin was plated at the same concentration. Other wells were left uncoated as negative controls. iPSC-CPCs were then cultured in the prepared plates. To count the cells at 1 hour post-plating in a 250 mm 2 defined area in the center of the well, we used DIC microscopy imaging and image analysis software (Olympus CellSens), differentiating between adhered cells (non-spherical with reduced refractivity) and unadhered cells (spherical with high refractivity). We observed that significantly fewer cells were adhered to the ECM derived from DCM-failing hearts compared to nonfailing hearts (Fig. 1) . Approximately 60% as many iPSC-CPCs adhered rapidly to the DCM-failing ECM, and about one-third as many when comparing DCM-failing ECM-exposed cells to fibronectin-cultured cells. Although a straightforward assay, the data were highly reproducible over four experiments and the positive control (fibronectin) showed the greatest adhesive ability while the negative control (no coating) show the least. These data show that the DCM-failing heart ECM does not support robust stem cell adhesion relative to the nonfailing heart ECM within 1 hour.
In the clinical setting, cardiac stem cells would likely have very limited time in the myocardium to adequately adhere to the ECM, and our data suggest that the DCM-failing ECM worsens the opportunity for adhesion relative to nonfailing ECM. This result supports that there is a lack of rapid integration of the stem cells into the myocardium before they are subject to being carried away by blood flow or succumbing to anoikis, resulting in the massive loss of stem cells over a short period of time that has been observed clinically (Aicher et al., 2003; Brenner et al., 2004; Terrovitis et al., 2008 Terrovitis et al., , 2006 . This highlights the need to discover novel opportunities to increase rapid stem cell-ECM interaction and binding. Many bioengineering groups are exploring cardiac stem cell patches, supported by a synthetic or naturally-derived matrix, that may adequately increase contacts between stem cells and the heart's ECM (Chiu et al., 2012; Ye et al., 2013) .
Alternatively, or perhaps concurrently, we could use information on the specific protein alterations in the ECM of DCM-failing hearts to discover novel proteins to upregulate or downregulate in the heart, to force the stem cells to anchor to the ECM tightly and rapidly. In our proteomics study assessing the protein profile of the ECM derived from DCM-failing hearts compared to nonfailing hearts, we found that 12 of the 14 ECM-specific proteins were downregulated in DCM-failing hearts, including several that could be implicated in affecting cell-ECM adhesion. The ECM proteins that were present at lower levels in DCM-failing hearts were: 40S ribosomal protein SA, collagen IV a2, collagen IV a6, collagen XV a1, ECM protein 1, fibulin, integrin b-1 binding protein, inter-a-trypsin inhibitor heavy chain H1, proteoglycan 3, target of Nesh-SH3, tenascin, and von Willebrand factor A domain containing protein 1 (DeAguero et al., 2017). Our lab is currently investigating one of these promising candidates for the purpose of increasing iPSC-CPC adhesion to the ECM of failing hearts.
It is important to consider that, while our studies were performed on relativelyuniformly pathologically remodeled, failing human hearts with dilated cardiomyopathy, a substantial proportion of the patients who might receive cardiac stem cell therapy would be patients with heterogenous remodeling patterns, such as those who suffered from a myocardial infarction. It is notable, then, that cardiac stem cells may adhere less to damaged tissue, where they are most needed, than more healthy tissue in these patients. This possibility needs to be rigorously tested.
Morphological development and cell beating rates of iPSCcardiac progenitor cells are similar during culturing on DCMfailing and nonfailing ECM
We qualitatively assessed the morphological changes of the cells over 6 days of culture using DIC microscopy. We did not observe major differences between cells cultured on DCM-failing ECM versus nonfailing ECM (Fig. 2) . The analysis revealed that cells on fibronectin appeared to proliferate faster and were marginally more confluent and cells on non-coated wells were sparse and very clumpy. At day 5, the cell sheets began to beat regularly. At day 6, we assessed the beats per minute by taking DIC videos of the cells then counting the number of beats over a defined time period (Table 1) . We found that the beats per minute were highly variable from experiment to experiment despite consistency in culture and analysis techniques. This variability led to no discernable differences in beating rate between any of the samples.
Our study is underpowered to make strong conclusions about the differences in morphological or physiological transdifferentiation. However, the trends support that once adhered, the cells take a similar path of morphological transdifferentiation The images from three separate experiments were analyzed for differences in morphological development over 6 days. Representative images are shown. Sample numbers for the human heart ECMs depicted are provided. on any adhesive substrate, whether human heart ECM or fibronectin, including time to beating. Additionally, cell beating may be either similar regardless of the growth substrate or our assay does not have sufficient sensitivity to test the differences at 6 days post-culturing. The possible clinical implication if there is no actual difference in the cells' morphological development nor their ability to beat is that once adhered, the iPSC-CPCs will behave similarly upon exposure to the pathologically remodeled heart tissue as it would in a healthy heart. Thus, the remodeled ECM would not be an impediment to (nor stimulus of) these two important aspects of iPSC-CPC transdifferentiation. The persistent challenge in promoting iPSC-CPC transdifferentiation into cells with similar morphology and function to mature cardiomyocytes remains elusive (Karakikes et al., 2015; Lundy et al., 2013) , but our data support that the pathologically remodeled cardiac ECM may not have a specific, significant effect.
Molecular markers of cardiomyocyte differentiation are variable in iPSC-CPCs cultured on DCM-failing and nonfailing heart ECM
A marker of cardiac stem cell lineage, the transcription factor Nkx2.5 (gene NKX2-5), is expressed in the iPSC-CPCs. As the cells transdifferentiate toward mature cardiomyocytes, their expression of the contractile protein cardiac troponin T (cTnT, gene TNNT2) is expected to increase, especially in proportion to Nkx2.5 (Forough et al., 2011) . Additionally, as cardiac stem cells differentiate into mature cardiomyocytes, their proliferation levels decrease, and thus levels of proliferation markers, such as Ki67 (gene KI67), decrease correspondingly. We determined Nkx2.5, cardiac troponin T, and Ki67 mRNA levels by qPCR.
In the qPCR analysis, the threshold count (C T ) values of the genes of interest were normalized to the housekeeping gene B2M to calculate the DC T values (C T of gene of interest subtracted by the C T of housekeeping genes). The average DC T s using B2M are shown in Table 2 . We verified the data using TBP as the housekeeping gene (not shown), which followed similar trends.
NKX2-5 mRNA DC T values were 10-fold higher in the iPSC-CPCs cultured on the DCM-failing heart ECM compared to those on the nonfailing heart ECM. While this difference was determined to be statistically significant, it only represented a 1.3-fold higher gene expression level in the cells from the DCM-failing heart ECM using the DDC T method (Livak and Schmittgen, 2001 ). This difference is modest compared to the 7.3-fold higher expression in cells from DCM-failing heart ECM versus fibronectin, for example. Cells cultured on both nonfailing and DCMfailing heart ECM showed higher NKX2-5 mRNA than cells on either fibronectin or no coating. These experiments do not clarify whether the alterations in NKX2-5 expression are due to global alterations in all iPSC-CPCs, or alterations in a subset of cells. A future experiment to definitively show the pattern of alteration can be to perform Nkx2.5 protein immunofluorescence staining on the cells grown on the different matrices, and determine the pattern of localization or delocalization from the cells.
TNNT2 mRNA DC T values between iPSC-CPCs on nonfailing versus DCM-failing were not significantly different, although the trend showed a modestly higher expression in the DCM-failing iPSC-CPCs. Cells cultured on fibronectin had the lowest levels of TNNT2 mRNA while those on either human heart ECM had the highest levels, and those on no coating had intermediate levels. We compared the ratio of TNNT2 expression (absolute value) to NKX2-5 expression, where higher numbers would correlate with higher expression of the mature cardiomyocyte marker (TNNT2) relative to the immature marker (NKX2-5), thus indicating more advanced transdifferentiation toward mature cardiomyocytes. From this analysis, the least cell maturation was observed in cells cultured on fibronectin (0.03), followed by those on no-coating (1.37). The human heart ECM seemed to promote maturation. Cells cultured the DCM-failing heart ECM showed the most maturation (69.50), while those on the nonfailing heart ECM (6.28) had a value on the same order of cells on no-coating. Although no differences in cell morphological development nor beating rates were observed microscopically, cells cultured on the DCM-failing heart ECM express greater tendency toward maturity at the gene expression level. Additional genetic markers to assess cell transdifferentiation toward mature cardiomyocytes will need to be tested to verify this finding, especially considering the differences in TNNT2 expression between cells cultured on nonfailing and DCMfailing heart ECM were not actually significantly different. With regard to cell proliferation, we observed that KI67 mRNA levels were similar between cells cultured on the nonfailing and DCM-failing heart ECM, and both were similar to fibronectin. Therefore, the proliferation rates between cells on any matrix are not different. Cells cultured on no coating had significantly lower expression of KI67 mRNA than cells on DCM-failing ECM and fibronectin, indicating that the proliferation of cells cultured on no coating was less than cells cultured on a matrix base. Clinically, iPSC-CPCs may not proliferate differently depending on whether the matrix is pathologically remodeled or not.
Conclusion
We have shown that the human heart ECM derived from patients with heart failure and DCM, which has undergone widespread interstitial fibrosis, has a negative influence of initial iPSC-CPC adhesion. However, once the cells have adhered, on a microscopic level, they appear to follow a similar path of transdifferentiation toward cardiomyocytes. On a molecular level, transdifferentiation may not be equivalent when cells are exposed to the pathologically remodeled ECM compared to normal ECM. The clinical consequence of this observation is that in hearts with heterogeneous remodeling, such as ischemic or infarcted hearts, transplanted stem cells may display different functional phenotypes that could lead to arrhythmias or other negative outcomes.
Our study was limited in scope; thus, our findings will need to be verified with a larger-scale study. Due to the extremely limited resource of human hearts available for our in vitro study, we analyzed only 3 hearts per group. The hearts we studied have corresponding proteomics data showing the change in protein expression in the DCM-failing hearts compared to the nonfailing hearts (DeAguero et al., 2017) . Data in which significant differences between groups were observed, such as cell adhesion ability, we believe hold strong potential to be scientifically relevant, and should be studied further toward improving stem cell treatment of heart failure. Even data in which the differences between groups were not significant may still hold scientific relevance. A larger scale study with additional samples can reveal which aspects are important to consider in stem cell therapy.
We chose to focus on iPSC-CPCs as our cardiac stem cell model. However, many sources of stem cells are being assessed in pre-clinical and clinical research for heart failure treatments. It is possible that other types of stem cells would have a different response to the human heart ECM than the iPSC-CPCs we used in this study. Additional research should be conducted to understand the response of other types of stem cells to the failing heart ECM.
Still, we believe that we can glean important principles from our study. Stemming from the data we presented, we will research novel ways to promote cell adhesion to the pathologically remodeled ECM from human hearts, as well as novel ways to promote cell differentiation toward mature cardiomyocytes, with a particular focus on proteins that are altered in the DCM-failing hearts compared to nonfailing hearts. In all, we expect that this work will support that, as hypothesized, cardiac stem cells show a reduced ability to adhere to the pathologically remodeled ECM.
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